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ABSTRACT
We examine the cosmic-ray protons (CRp) accelerated at collisionless shocks in galaxy clusters
through cosmological structure formation simulations. We find that in the intracluster medium of
simulated sample clusters, only ∼ 7% of the shock kinetic energy flux is dissipated by the shocks that
are expected to accelerate CRp, that is, supercritcal, quasi-parallel shocks with sonic Mach number
Ms ≥ 2.25; the rest is dissipated at subcritical shocks and quasi-perpendicular shocks, both of which
may not accelerate CRp. Adopting the diffusive shock acceleration model recently presented in Ryu et
al. (2019), we estimate the production of CRp in simulated clusters. The average fraction of the shock
kinetic energy transferred to CRp is assessed at ∼ 10−4. We then calculate diffuse γ-ray emissions
from simulated clusters, resulting from the decay of neutral pions that are produced through inelastic
collisions between CRp and thermal protons. The predicted γ-ray emissions lie mostly below the upper
limits for observed clusters set by Fermi-LAT. We also estimate neutrino emission due to the decay of
charged pions produced by the same process. The predicted neutrino fluxes towards nearby clusters
are . 10−5 of the IceCube flux at Eν = 1 PeV and . 10−7 of the atmospheric neutrino flux in the
energy range of Eν ≤ 1 TeV.
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1. INTRODUCTION
During the formation of the large-scale structures
(LSS) of the universe, shocks with low sonic Mach num-
ber of Ms . 5 are naturally induced by supersonic
flow motions of baryonic matter in the hot intraclus-
ter medium (ICM; e.g., Miniati et al. 2000; Ryu et al.
2003; Pfrommer et al. 2006; Skillman et al. 2008; Vazza
et al. 2009; Schaal & Volker 2015). As in the cases of
Earth’s bow shock and supernova blast wave, these ICM
shocks are collisionless, and hence are expected to ac-
celerate cosmic-ray (CR) protons and electrons via dif-
fusive shock acceleration (DSA; e.g., Bell 1978; Drury
1983; Kang & Ryu 2010, 2013). Giant radio relics such
as the Sausage relic and the Toothbrush relic are inter-
preted as the structures of radio synchrotron emission
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from the CR electrons accelerated at merger-driven ICM
shocks (see, e.g., van Weeren et al. 2019, and references
therein). On the other hand, a clear confirmation of CR
protons (CRp) in the ICM still remains elusive.
If CRp are accelerated at ICM shocks, owing to the
long lifetime, most of them are expected be accumulated
in galaxy clusters (e.g., Berezinsky et al. 1997). Then,
inelastic collisions between CRp with E & 1.22 GeV
(i.e., the threshold of the reaction) and thermal protons
produce neutral and charged pions, which decay into the
following channels (e.g., Pfrommer & Enßlin 2004):
pi0→ 2γ,
pi±→µ± + νµ/νµ → e± + νe/νe + νµ + νµ. (1)
Hence, the observation of diffuse cluster-wide γ-ray
emission due to the decay of neutral pions should pro-
vide a clear evidence for the production of CRp by ICM
shocks. Such emissions have been estimated for galaxy
clusters from simulations for the LSS formation of the
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universe (e.g., Pinzke & Pfrommer 2010; Zandanel et al.
2015; Vazza et al. 2016). However, currently available
γ-ray telescopes such as Fermi-LAT so far have failed to
detect such signals (e.g., Ackermann et al. 2014, 2016).
Galaxy clusters have been also recognized as possi-
ble extragalactic sources of high-energy neutrinos, which
could be emitted through the decay of charged pions pro-
duced by the same inelastic collisions (e.g., Murase et al.
2008, 2013). But a recent study suggested that galaxy
clusters are not likely to be a major contributor to the
IceCube flux of neutrinos with Eν & 10 TeV (Zandanel
et al. 2015).
Particle acceleration at collisionless shocks involves
complex kinetic processes including micro-instabilities
on various scales. It has been studied through particle-
in-cell (PIC) and hybrid plasma simulations (e.g., Capri-
oli & Spitkovsky 2014; Guo et al. 2014; Caprioli et al.
2015; Park et al. 2015; Ha et al. 2018b; Kang et al.
2019). The acceleration depends on several characteris-
tics of collisionless shocks, such as the sonic (Ms) and
Alfve´n (MA) Mach numbers, the plasma β (≡ Pgas/PB,
the ratio of gas to magnetic pressure), and the obliq-
uity angle (θBn), which is the angle between the shock
normal and the mean magnetic field direction. Col-
lisionless shocks, for instance, are classified as quasi-
parallel (Q‖) with θBn . 45◦ and quasi-perpendicular
(Q⊥) with θBn & 45◦. CRp are known to be accelerated
efficiently at Q‖-shocks, while CR electrons are accel-
erated preferentially at Q⊥-shocks (e.g., Marcowith et
al. 2016). Shocks associated with the solar wind have
typically β ∼ 1 and 2 . Ms . 10 and supernova rem-
nant shocks in the interstellar medium have β ∼ 1 and
Ms . 200 (e.g., Kang et al. 2014). On the other hand,
ICM shocks are characterized with β ∼ 50 − 100 and
Ms . 5 (e.g., Ryu et al. 2003, 2008). Although shocks
with β ∼ 1 have been extensively studied in the space-
physics and astrophysics communities (e.g., Balogh &
Truemann 2013; Marcowith et al. 2016), the acceleration
of CRp at high-β ICM shocks has been investigated only
recently through PIC simulations (e.g., Ha et al. 2018b),
and has yet to be fully understood.
Since the creation of neutral and charged pions
through CRp-p collisions and the ensuing decay of them
in the ICM are primarily governed by the efficiency of
CRp acceleration at ICM shocks, previous studies that
estimate γ-ray emissions from simulated galaxy clusters
adopted some recipes for the DSA efficiency, η (e.g.,
Pinzke & Pfrommer 2010; Vazza et al. 2012, 2016). It is
often defined by the ratio of the postshock CRp energy
flux, FCR = ECRu2, to the shock kinetic energy flux,
Fφ = Eshus = (1/2)ρ1u
3
s, as
η ≡ FCR
Fφ
=
1
χ
ECR
Esh
(2)
(Ryu et al. 2003). Hereafter, the subscripts 1 and 2
denote the preshock and postshock states, respectively;
ρ and u are the gas density and flow speed in the shock
rest fame, ECR is the postshock CRp energy density, χ =
us/u2 = ρ2/ρ1 is the compression ratio across the shock,
Esh = (1/2)ρ1u
2
s is the shock kinetic energy density, and
us is the shock speed.
Based on the fluid simulations of DSA where the
time-dependent diffusion-convection equation for the
isotropic part of CRp momentum distribution was
solved along with a thermal leakage injection model,
Kang & Ryu (2013) suggested that η could be as large as
∼ 0.1 for shocks with Ms ' 5. According to the hybrid
simulations performed by Caprioli & Spitkovsky (2014),
η ≈ 0.036 for the Ms ≈ 6.3 (M = 5 in their definition)
shock in β ∼ 1 plasma. On the other hand, Vazza et al.
(2016) argued that the overall efficiency of CRp acceler-
ation at ICM shocks with 2 .Ms . 5 should be limited
to . 10−3, if the predicted γ-ray emissions from simu-
lated clusters are to be consistent with the upper limits
set by Fermi-LAT (Ackermann et al. 2014). This ap-
parent discrepancy between the theoretical expectation
and the observational constraint remains to be further
investigated and is the main focus of this work.
Using PIC simulations, Ha et al. (2018b) studied the
injection and early acceleration of CRp at Q‖-shocks
with Ms ≈ 2 − 4 in hot ICM plasmas where β ≈ 100.
They found that only supercritical Q‖-shocks with Ms &
2.25 develop overshoot/undershoot oscillations in the
shock transition, which lead to the specular reflection of
incoming ions and further injection into the DSA pro-
cess. Subcritical Q‖-shocks with Ms < 2.25, on the
other hand, have relatively smooth structures, so the
preaccleration and injection are negligible. Thus, Q‖-
shocks in the ICM may produce CRp only if Ms & 2.25.
Recently, Ryu et al. (2019, Paper I, hereafter) pro-
posed an analytic DSA model for supercritical Q‖-
shocks in the ICM that improves upon the test-particle
DSA model for weak shocks described in Kang & Ryu
(2010). The model incorporates the dynamical feedback
of the CR pressure to the shock structure, and reflects
the ‘long-term’ evolution of the CRp spectrum in hy-
brid and PIC simulations (e.g., Caprioli & Spitkovsky
2014; Caprioli et al. 2015; Ha et al. 2018b). Based on
the model, it is suggested that the DSA efficiency would
be η(Ms) ≈ 10−3−0.01 for supercritical Q‖-shocks with
Ms = 2.25− 5.0.
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In this paper, by adopting the DSA model proposed
in Paper I, we first estimate the CRp produced by ICM
shocks in simulated sample clusters, and then calculate
γ-ray and neutrino emissions from simulated clusters us-
ing the approximate formalisms presented in Pfrommer
& Enßlin (2004) and Kelner et al. (2006). The predicted
γ-ray emissions are compared to the Fermi-LAT upper
limits (Ackermann et al. 2014). The neutrino fluxes
from nearby clusters are compared with the IceCube flux
(Aartsen et al. 2014) and the atmospheric neutrino flux
(e.g., Richard et al. 2016).
In Section 2, the estimation of CRp in simulated clus-
ters is described. In Section 3, the calculation of γ-ray
and neutrino emissions is presented. A brief summary
follows in Section 4.
2. CR PROTONS IN SIMULATED CLUSTERS
2.1. Galaxy Cluster Sample
We generate the galaxy cluster sample using numerical
simulations of the LSS formation of the universe. The
following parameters for a ΛCDM cosmology model are
employed: baryon density ΩBM = 0.044, dark matter
(DM) density ΩDM = 0.236, cosmological constant ΩΛ =
0.72, Hubble parameter h ≡ H0/(100 km s−1Mpc−1) =
0.7, rms density fluctuation σ8 = 0.82, and primordial
spectral index n = 0.96 (see Ha et al. 2018a, for details).
The simulation box has the comoving size of 57h−1 Mpc
with periodic boundaries, and is divided into 16503 grid
zones, so the spatial resolution is ∆l = 34.5h−1 kpc.
Nongravitational effects such as radiative and feedback
processes are not considered; it is shown that the statis-
tics of ICM shocks (see below) do not sensitively depend
on nongravitational effects (see, e.g., Kang et al. 2007).
The magnetic fields, which are generated via Biermann
Battery mechanism at early epochs and evolved pas-
sively, are included in simulations (Kulsrud et al. 1997).
In the simulation box, the local peaks of X-ray emis-
sivity are identified as the centers of clusters, and the
total (baryons plus DM) mass, M200, and the X-ray
emission-weighted temperature, TX , of the clusters in-
side r200 are calculated (e.g., Kang et al. 1994). Here,
r200 is the virial radius defined by the gas overdensity
of ρgas/〈ρgas〉 = 200. From the z = 0 data of four sim-
ulations, 58 sample clusters with 1 keV . TX . 5 keV
are found. They have 1014M . M200 . 5 × 1014M
and r200 ≈ 1− 2h−1Mpc. Figure 1 shows the mass ver-
sus temperature relation of the sample clusters, which
follows TX ∝M2/3200 , expected for virial equilibrium.
2.2. Shock Identification
We identify ICM shocks formed inside simulated clus-
ters, as follows (see, e.g,, Ryu et al. 2003; Hong et al.
Figure 1. Mass vs temperature relation for 58 sample clus-
ters at z = 0, formed in four simulations for the LSS forma-
tion of the universe. The total (baryons plus DM) mass and
the X-ray emission-weighted temperature inside the spheri-
cal volumes of r ≤ r200 are shown. The filled squares denote
twelve clusters used to draw Figures 2 and 5. The red solid
line represents the scaling relation of TX ∝M2/3200 .
2014). Grid zones are defined as ‘shocked’, if they meet
the shock identification conditions along each principle
axis: (1) ∇ · u < 0, i.e., the converging local flow, (2)
∆T × ∆ρ > 0, i.e., the same sign of the density and
temperature gradients, and (3) |∆ log T | > 0.11, i.e., the
temperature jump larger than that of Ms = 1.3 shock.
The shock transition typically spreads over 2−3 zones in
numerical simulations, and the one with minimum ∇ ·u
is defined as the shock center. The sonic Mach num-
ber is calculated with the temperature jump across the
shock transition as T2/T1 = (5M
2
s −1)(M2s +3)/(16M2s ).
The Mach number of shock zones is defined as Ms =
max(Ms,x,Ms,y,Ms,z), where Ms,x, Ms,y, and Ms,z are
the Mach numbers along the principle axes. The shock
speed is estimated as us = Ms
√
5Pgas,1/3ρ1. Shocks
with Ms ≥ 1.5 are identified, although only Q‖-shocks
with Ms ≥ 2.25 are accounted for the CRp acceleration
(see Section 2.3). Typically, a shock surface consists of a
number of shock zones, and the surface area is estimated
assuming each shock zone contributes ssh = 1.19(∆l)
2,
which is the mean projected area of a zone for random
shock normal orientation.
4 Ha, Ryu, & Kang
Figure 2. Shock kinetic energy flux, Fφ, and CRp energy flux, FCR, in units of erg s−1(h−1Mpc)−3, as a function of Ms,
processed at shocks inside the sphere of r200 of sample clusters with the X-ray emission-weighted temperature (a) TX ∼ 2 keV,
(b) TX ∼ 3 keV and (c) TX ∼ 4 keV. Each panel shows the energy fluxes averaged over four clusters with similar TX , denoted
with the filled squares in Figure 1. The black lines show Fφ through all the shocks, while the red (blue) lines show Fφ through
Q⊥ (Q‖) shocks only. The magenta lines draw FCR produced by supercritical Q‖-shocks.
For shock zones, the shock obliquity angle is calculated
as θBn ≡ cos−1[| ∆u · B1 | /(| ∆u || B1 |)], where
∆u = u2 − u1 and B1 is the preshock magnetic field.
Inside r ≤ r200 of simulated clusters, typically ∼ 30% of
identified shock zones are Q‖ with θBn ≤ 45◦, while the
rest are Q⊥ with θB > 45◦ (see also Wittor et al. 2017;
Roh et al. 2019).
2.3. CRp Production in Sample Clusters
We adopt the analytic DSA model proposed in Pa-
per I for the calculation of the CRp produced at shock
zones. The main ideas of this model can be summarized
as follows. (1) The proton injection and DSA are effec-
tive only at supercritical Q‖-shocks with Ms & 2.25. (2)
At weak Q‖-shocks with Ms . 5, the postshock CR dis-
tribution, fCR(p), follows the test-particle DSA power-
law with the slope, q = 3χ/(χ − 1), determined by the
shock compression ratio, χ. (3) The transition from the
postshock Maxwellian to the CR power-law distribution
occurs at the so-called injection momentum, pinj. The
amplitude of fCR(p) at pinj is anchored at the thermal
Maxwellian distribution. (4) As a fraction of the shock
energy is transferred to CRp, the energy density of post-
shock thermal protons and hence the postshock temper-
ature T2 decrease self-consistently. At the same time,
the normalization of fCR(p) reduces. The weakening of
the subshock due to the dynamical feedback of the CR
pressure to the shock structure and the resulting reduc-
tion of fCR(p) have been observed in different numerical
approaches (e.g., Kang et al. 2002; Kang & Jones 2005;
Caprioli & Spitkovsky 2014, Paper I). In the model, the
CR energy density is kept to be less than 10 % of the
shock kinetic energy density for shocks with Ms . 5,
consistent with the test-particle treatment.
The analytic DSA model gives the momentum spec-
trum of CRp at shock zones as
fCR(p) ≈ n2 exp(−Q
2
i )
pi1.5 p3th,p
(
p
pinj
)−q
for p ≥ pinj, (3)
for Q‖-shocks with Ms ≥ 2.25. Here, n2 and pth,p ≡√
2mpkBT2 are the postshock number density and mo-
mentum of thermal protons, respectively, and mp is the
proton mass and kB is the Boltzmann constant. The
injection momentum, pinj, is expressed in terms of the
injection parameter, Qi, as
pinj = Qi · pth,p. (4)
In the model, Qi = Qi,0/
√
RT with a fixed initial Qi,0
is assumed to increase gradually but approach to an
asymptotic value as the CR energy density increases.
Considering the results from the hybrid simulations of
Caprioli & Spitkovsky (2014) and Caprioli et al. (2015)
and the extended PIC simulation presented in Paper I,
Qi,0 ≈ 3.3− 3.5 is suggested. RT is the reduction factor
of the postshock temperature, which depends on both
Ms and Qi,0. Here, we present the production of CRp
with Qi,0 = 3.5, along with RT from Figure 4 of Paper
I (see below for discussions on the dependence on Qi,0).
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Then, the postshock energy density of CRp can be
evaluated as
ECR = 4pic
∫ ∞
pmin
(
√
p2 + (mpc)2 −mpc)fCR(p) p2dp,
(5)
where c is the speed of light. The postshock CRp en-
ergy flux is given as FCR = ECRu2. For the lower bound
of the integral, pmin = 0.78GeV/c is used, which is
the threshold energy of pi-production reaction. With
the shock kinetic energy flux, Fφ = (1/2)ρ1u
3
s, the
analytic DSA model results in the DSA efficiency of
η(Ms) ≡ FCR(Ms)/Fφ(Ms) ≈ 10−3 − 10−2 for Q‖-
shocks with Ms = 2.25 − 5.0 (see Figure 4 of Paper
I). A few comments are in order. (1) In the case of weak
shocks with low Ms, where the CRp spectrum is domi-
nated by low energy particles, FCR and hence η depend
rather sensitively on pmin. (2) If Qi,0 = 3.3, instead
of Qi,0 = 3.5, is adopted, η(Ms) would be ∼ 2 times
larger. (3) As mentioned in the introduction, Kang &
Ryu (2013) suggested η(Ms) ∼ 0.1 for Ms ' 5 and
Caprioli & Spitkovsky (2014) presented η ≈ 0.036 for
Ms ≈ 6.3. The analytic DSA model adopted in this
paper predicts η(Ms), which is several to an order of
magnitude smaller than η(Ms) of those previous works.
To quantify the CRp production in the ICM, we first
examine the energy flux processed at shocks inside sam-
ple clusters, as a function of the shock Mach number:
FA(Ms) d logMs = 1
V<r200
∑
sshFA(Ms), (6)
where A = φ and A = CR denote the shock kinetic en-
ergy flux and the CRp energy flux, respectively. The
summation goes over the shock zones with the Mach
number between logMs and logMs + d logMs inside
r200, V<r200 = (4pi/3)r
3
200, and ssh is the area of each
shock zone. Figure 2 plots Fφ and FCR for clusters
with the X-ray emission-weighted temperature close to
TX ∼ 2 keV, ∼ 3 keV, and ∼ 4 keV. Weaker shocks dis-
sipate a larger amount of shock kinetic energy, which
agrees with previous findings (e.g., Ryu et al. 2003;
Vazza et al. 2009). Specifically, ∼ 97% of Fφ is pro-
cessed through shocks with Ms . 5, and such fraction is
not sensitive to cluster properties, such as TX . We find
that for all sample clusters, ∼ 30% of Fφ is processed
through Q‖-shocks (blue lines) and the rest through Q⊥-
shocks (red lines); the partitioning is about the same as
that of the frequency of Q‖ and Q⊥-shocks. Moreover,
∼ 23% of Fφ associated with all Q‖-shocks goes through
supercritical shocks with Ms ≥ 2.25. As a result, only
∼ 7% of the shock kinetic energy of all ICM shocks is
dissipated through supercritical Q‖-shocks that are ex-
pected to accelerate CRp.
Figure 3. Volume-averaged slope, αp, of the CRp momen-
tum distribution, N˙CR(p), produced by all supercritical Q‖-
shocks inside the sphere of r200, as a function of the X-ray
emission-weighted temperature and the total mass, for all 58
sample clusters.
Figure 2 demonstrates that FCR (magenta lines) is
several orders of magnitude smaller than Fφ. We find
that for all sample clusters, the total FCR, integrated
over Ms, is ∼ 10−4 of the total Fφ. This can be un-
derstood as the average value of η(Ms)× Fφ(Ms), con-
voluted with the population of supercritical Q‖-shocks
in sample clusters. It means that the fraction of shock
kinetic energy transferred to CRp is estimated to be
∼ 10−4, based on the analytic DSA model adopted in
this paper. If Qi,0 = 3.3 is used (the results are not
shown), FCR, and hence the amount of CRp produced,
would be ∼ 2 times larger.
The number of the CRp produced by ICM shocks in
the momentum bin between p and dp can be evaluated
as follow:
N˙CR(p) dp =
∑
Q‖, Ms≥2.25
4pisshu2fCR(p) p
2dp, (7)
where the summation accounts for the entire population
of supercritical Q‖-shocks with Ms ≥ 2.25 inside r200.
Note that N˙CR(p) is defined in a way that
∫ N˙CR(p)dp
is the rate of CRp production in the ICM. We fit it
to a power-law, i.e., N˙CR(p) ∝ p−αp , with the volume-
averaged slope αp. Figure 3 shows the values of αp cal-
culated for all 58 simulated galaxy clusters at z = 0. The
power-law slope spreads over a range of αp ∼ 2.4− 2.6,
indicating that the average Mach number of the shocks
for most efficient CRp production is in the range of
Ms ∼ 2.8 − 3.3. We point that the slope in Figure 3
is a bit larger than the values presented in Hong et al.
(2014) (see their Figure 10, where q¯ = αp + 2). The dif-
ference can be understood with the difference in η(Ms);
η(Ms = 5)/η(Ms = 2.25) is, for instance, ∼ 10 in the
analytic model adopted in this paper, while it is ∼ 100
in the DSA efficiency model used in Hong et al. (2014).
6 Ha, Ryu, & Kang
Hence, shocks with higher Ms are counted with larger
weights for the calculation of αp in Hong et al. (2014).
2.4. CRp Distribution in Sample Clusters
Inside clusters, the CRp produced by ICM shocks
are expected to be accumulated over the cosmological
timescale, owing to their long lifetimes, as mentioned
in the Introduction. Although streaming and diffu-
sion could be important for the transport of highest
energy CRp, most of lower energy CRp should be ad-
vected along with the background plasma and magnetic
fields (e.g., Enßlin et al. 2011; Wiener et al. 2013, 2018).
Hence, the CRp distribution would be relaxed over the
cluster volume via turbulent mixing on the typical dy-
namical timescale of the order of ∼ Gyr. Then, the
total number of CRp in the momentum bin between p
and p+dp accumulated inside clusters can be evaluated
as
NCR(p) =
∫
N˙CR(p)dt. (8)
In our LSS formation simulations, we do not calculate
self-consistently in run-time the production of CRp at
ICM shocks and their transport behind shocks. Hence,
we attempt to approximate this integral in the post-
processing step as NCR(p) ≈ τaccN˙CR(p) with N˙CR(p)
at z = 0. By considering the time evolution of the ICM
shock population and energy dissipation (see, e.g., Ryu
et al. 2003; Skillman et al. 2008; Vazza et al. 2009), we
take τacc ∼ 5 Gyr for all sample clusters; this approxi-
mation should give reasonable estimates within a factor
of two or so.
Previous studies, in which the generation and trans-
port of CRp were followed in run-time in LSS formation
simulations, showed that CRp are produced preferen-
tially in the cluster outskirts and then mixed, leading
to the radial profile of the CR pressure, PCR(r), which
is broader than that of the gas pressure, Pgas(r) (e.g.,
Pfrommer et al. 2007; Vazza et al. 2012, 2016). This is
partly because the shocks that can produce CRp (Ms &
a few) are found mostly in the outskirts (see, e.g., Hong
et al. 2014; Ha et al. 2018a), and also because the DSA
efficiency is expected to increase with Ms in the DSA
theory (see, e.g., Kang & Ryu 2013, Paper I). We here
employ an illustrative model for the radial profile of the
CRp density that scales with the shell-averaged number
density of gas particles as nCR(r, p) ∝ n¯gas(r)δ. We take
δ = 0.5− 1, which covers most of the range suggested in
the previous simulation studies cited above and obser-
vations (e.g., Brunetti et al. 2017). Considering that the
ICM is roughly isothermal, δ < 1 results in the radial
profile of PCR flatter than that of Pgas. For a smaller
value of δ, nCR is less centrally concentrated, so the rate
of inelastic CRp-p collisions occurring in the inner part
of the cluster volume will be lower.
Below, for the estimation of γ-ray and neutrino emis-
sions, we use the radial distribution of the number den-
sity of CRp in the momentum bin between p and p+ dp
expressed as
nCR(r, p) dp ≈ nCR0
[
n¯gas(r)
ngas(0)
]δ (
p
GeV/c
)−αp dp
GeV/c
,
(9)
where αp is the power-law slope of N˙ (p) for sample clus-
ters, discussed in Section 2.3, and ngas(0) is the gas par-
ticle number density at the cluster center. The normal-
ization factor, nCR0, is fixed by the condition∫
<r200
∫
nCR(r, p) dp dV =
∫
N (p) dp, (10)
where the volume integral is over the sphere inside r200.
3. γ-RAYS AND NEUTRINOS FROM SIMULATED
CLUSTERS
3.1. γ-Ray Emissions
To calculate γ-ray emissions from simulated clusters,
we employ the approximate formula for the γ-ray source
function as a function of γ-ray energy Eγ , presented in
Pfrommer & Enßlin (2004);
qγ(r, Eγ)dEγdV ≈ cσppn¯gas(r)n˜CR(r)2
4−αγ
3αγ
×
(
mpi0c
2
GeV
)−αγ [( 2Eγ
mpi0c2
)δγ
+
(
2Eγ
mpi0c2
)−δγ]−αγδγ dEγ
GeV
dV,
(11)
where αγ = 4/3(αp−1/2) is the slope of γ-ray spectrum,
δγ = 0.14α
−1.6
γ +0.44 is the shape parameter, σpp = 32×
(0.96 + e4.4−2.4αγ ) mbarn is the effective cross-section
of inelastic CRp-p collision, and mpi0 is the pion mass.
In our model, n˜CR(r) = nCR0[n¯gas(r)/ngas(0)]
δ. Then,
the number of γ-ray photons emitted per second from a
cluster is given as
Lγ =
∫
<r200
∫ E2
E1
qγ(r, Eγ) dEγdV. (12)
Using n¯gas(r) and αp calculated for simulated clus-
ters, we estimate Lγ of 58 sample clusters for δ = 0.5,
0.75, and 1. The energy band of [E1, E2] = [0.5, 200]
GeV is used to compare the estimates with the Fermi-
LAT upper limits presented in Ackermann et al. (2014).
Figure 4 shows the estimates for Lγ as a function of
the cluster mass M200, along with the Fermi-LAT up-
per limits. A few points are noted. (1) Because clusters
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Figure 4. The number of γ-ray photons emitted per second in the energy band of [0.5, 200] GeV, Lγ , as a function of the total
mass, for all 58 sample clusters (black circles). The three panels are for different CRp distribution models with different δ in
clusters. The red horizontal bars are the upper limits from clusters observed by Fermi LAT. The blue dashed lines draw the
mass-luminosity relation, Lγ ∝M5/3200 , assuming virial equilibrium and a constant CRp-to-gas energy ratio.
with similar masses may undergo different dynamical
evolutions, they could experience different shock for-
mation histories and have different CRp productions.
Hence, the Lγ −M200 relation exhibits significant scat-
ters. (2) Assuming virial equilibrium and a constant
CRp-to-gas energy ratio, the mass-luminosity scaling re-
lation, Lγ ∝ M5/3200 , is predicted (see, e.g., Zandanel et
al. 2015; Vazza et al. 2016). Although there are sub-
stantial scatters, Lγ ’s for our sample clusters seem to
roughly follow the predicted scaling relation. (3) Differ-
ent CRp distribution models with different δ give dif-
ferent estimates for Lγ within a factor of two. Being
the most centrally concentrated, the model with δ = 1
produces the largest amount of γ-ray emissions. All the
models including the one with δ = 1 predict Lγ ’s that
are mostly below the Fermi-LAT upper limits. Hence,
although there are uncertainties in our models for CRp
distribution in clusters (see Section 2.4), we conclude
that the DSA model proposed in Paper I predicts the
γ-ray emission that would be consistent with the Fermi-
LAT upper limits.
We attempt to compare our results with the predic-
tions made by Vazza et al. (2016), in particular, the one
for their CS14 model of the DSA efficiency, ηCS14(Ms),
which adopted the efficiency based on the hybrid simula-
tions of Caprioli & Spitkovsky (2014) for high Ms along
with the fitting form of Kang & Ryu (2013) for the Ms
dependence in low Ms. For instance, the red triangles
(labeled as CS14) in Figure 7 of Vazza et al. (2016) shows
Lγ ≈ 2 − 3 × 1043 photons s−1 for simulated clusters
with M200 ≈ 2−3×1014M, while our estimates for the
model with δ = 1 vary as Lγ ≈ 0.5−1×1043 photons s−1
for the same mass range. The ICM shock population and
energy dissipation should be similar in the two works
(see, e.g., Ryu et al. 2003; Vazza et al. 2009); for in-
stance, both works find that the fraction of Q‖-shocks
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Figure 5. Energy spectrum of neutrinos from the sample
clusters of TX ∼ 2 keV (blue lines), 3 keV (red lines), and
4 keV (black lines). Each line plots the spectrum averaged
over four clusters with similar TX , the same set of clusters
used in Figure 2. For the CRp distribution, αp = 2.5 and
δ = 0.75 are used in the upper panel, and αp = 2.6 and
δ = 0.75 in the lower panel, respectively (see Equation 9).
is ∼ 30%, as noted in Section 2.2. One of differences
in the two modelings is that for subcritical Q‖-shocks
with Ms < 2.25, we assume no production of CRp at
all, while ηCS14(Ms) is not zero. However, this may not
lead to a significant difference in the CRp production,
since ηCS14(Ms) sharply decreases with decreasing Ms in
the regime of Ms . 3 in their model. On the other hand,
with the DSA model adopted here, η(Ms) ≈ 10−3−10−2
for Ms = 2.25−5 (see Section 2.3), which is lower by up
to a factor of three to four than ηCS14(Ms), explaining
the difference in the predicted Lγ in the two studies.
3.2. Neutrino Emissions
For the calculation of neutrino emissions from simu-
lated clusters, we employ the analytic prescription de-
scribed in Kelner et al. (2006). Assuming that the pion
source function as a function of pion energy Epi has a
power-law form, qpi(r, Epi) ∝ E−αγpi , the neutrino source
function at the neutrino energy Eν = Eγ is approxi-
mately related to the γ-ray source function as
qν(r, Eν) = qγ(r, Eγ)[Zνµ(αγ) + Zνe(αγ)]. (13)
Table 1. List of Nearby Clusters
Cluster d [Mpc] a TX [keV]
b Rvir [Mpc]
b
Virgo 16.5 2.3 1.08
Centaurus 41.3 3.69 1.32
Perseus 77.7 6.42 1.58
Coma 102 8.07 1.86
Ophiuchus 121 10.25 2.91
aReferences for the cluster distances: Mei et al. (2007) for
the Virgo cluster, Mieske & Hilker (2003) for the Centaurus
cluster, Aleksic´ et al. (2012) for the Perseus cluster, Thomsen
et al. (1997) for the Coma cluster, and Durret et al. (2015)
for the Ophiuchus cluster.
bThe X-ray temperature and virial radius of the Virgo clus-
ter are from Urban et al. (2011). Those of the Centaurus,
Perseus, Coma, and Ophiuchus clusters are from Chen et al.
(2007).
Here,
Zνµ(αγ) =
4[3− 2k − kαγ (3− 2k + αγ − kαγ)]
αγ(1− k)2(αγ + 2)(αγ + 3)
+ (1− k)αγ−1, (14)
Zνe(αγ) =
24[(1− k)αγ − k(1− kαγ )]
αγ(1− k)2(αγ + 1)(αγ + 2)(αγ + 3) ,(15)
with k = m2µ±/m
2
pi± = 0.573 account for the contri-
butions of muon and electron neutrinos, respectively.
Then, the energy spectrum of neutrons emitted per sec-
ond from a cluster is estimated by
dLν
dEν
=
∫
<r200
qν(r, Eν) dV. (16)
Figure 5 plots E2νdLν/dEν as a function of Eν for simu-
lated clusters; the lines with different colors are for the
sample clusters with TX close to ∼ 2 keV, ∼ 3 keV, and
∼ 4 keV, respectively, as in the case of Figure 2. The up-
per and lower panels show the estimated spectra for the
volume-averaged slope of CRp momentum distribution,
αp = 2.5 and 2.6, respectively. For the spatial distribu-
tion of CRp, δ = 0.75 is used. The spectrum has the en-
ergy dependence of ∝ E−2.67ν for αp ∼ 2.5 and ∝ E−2.8ν
for αp ∼ 2.6, according to αγ = 4/3(αp−1/2). The num-
ber of neutrinos emitted from clusters of TX ∼ 2−4 keV
is estimated to be ∼ 1032 − 1034 GeV−1s−1 at Eν ∼ 1
TeV and ∼ 1024 − 1025 GeV−1s−1 at Eν ∼ 1 PeV.
We also try to assess neutrino fluxes from the five
nearby clusters listed in Table 1. Due to the limited box
size of the LSS formation simulations here, the param-
eters of our sample clusters (see Figure 1) do not cover
those of some of the nearby clusters. Hence, we employ
the scaling relation Lν ∝ T 5/2X (again assuming virial
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Figure 6. Predicted neutrino fluxes from nearby clusters.
For the CRp distribution, the model with αp = 2.5 and δ =
0.75 is used. The black box denotes the IceCube flux, and the
black solid and dashed lines draw the fluxes of atmospheric
muon and electron neutrinos.
equilibrium and a constant CRp-to-gas energy ratio),
along with the neutrino energy spectrum for αp = 2.5
in the upper panel Figure 5, to guess dLν/dEν for these
nearby clusters. Then, the neutrino flux of each cluster
can be calculated as
dΦν
dEν
=
1
4pi2R2vir
dLν
dEν
, (17)
where Rvir is the virial radius of the cluster. Note that
the above has the units of neutrinos GeV−1cm−2s−1
sr−1.
Figure 6 shows E2νdΦν/dEν as a function of Eν , pre-
dicted for the nearby clusters in Table 1, along with the
IceCube flux (Aartsen et al. 2014) and the atmospheric
muon and electron neutrino fluxes (e.g., Richard et al.
2016) for comparison. A few points are noticed. (1)
Among nearby clusters, the Coma, Perseus, and Ophi-
uchus clusters are expected to produce the largest fluxes.
Yet, at Eν = 1 PeV, the predicted fluxes are . 10−5
times smaller than the IceCube flux. Hence, it is un-
likely that high energy neutrinos from clusters would be
detected by IceCube, even after the stacking of a large
number of clusters is applied. (2) At the neutrino energy
range of several GeV to TeV, for which the flux data
of the Super-Kamiokande detector are available (see,
e.g., Hagiwara et al. 2019), the fluxes from nearby clus-
ters are smaller by . 10−7 than the atmospheric muon
neutrino flux and smaller by . 10−5 than the atmo-
spheric electron neutrino flux. Hence, it is unlikely that
the signature of neutrinos from galaxy clusters could
be separated in the data of ground detectors such as
Super-Kamiokande and future Hyper-Kamiokande. (3)
Our neutrino fluxes are substantially smaller the ones
predicted in previous works (e.g. Murase et al. 2008;
Zandanel et al. 2015). For instance, our estimates are
∼ 10−4 − 10−5 times smaller than those for αp = 2.4
at Eν = 250 TeV in Table 3 of Zandanel et al. (2015).
This is partly because our fluxes are estimated with a
larger αp of ∼ 2.5, which is close to the median value
calculated with the ICM shock population (see Figure
3), and also because our DSA model have a small DSA
acceleration efficiency (see Section 2.3), resulting in a
smaller amount of CRp in the ICM.
4. SUMMARY
The ICM contains collisionless shocks of Ms . 5, in-
duced as a consequence of the LSS formation of the uni-
verse, and CRp are produced via DSA at the super-
critical Q‖ population of the shocks. Due to the long
lifetime, the CRp are expected to be accumulated and
mixed by turbulent flow motions in the ICM during the
cosmic history. Then, inelastic CRp-p collisions should
produce neutral and charged pions, which decay into
γ-rays and neutrinos, respectively.
In this paper, we have examined the production of
CRp in galaxy clusters and the feasibility of detecting
γ-ray and neutrino emissions from galaxy clusters. To
that end, we perform cosmological LSS structure sim-
ulations for a ΛCDM universe. In a post-processing
step, we identify shocks formed inside the virial radius
of 58 simulated sample clusters, and measure the prop-
erties of shocks, such as the Mach number, the kinetic
energy flux, and the shock obliquity angle. Adopting
the DSA model proposed in Paper I, we estimate the
volume-integrated momentum distribution of CRp, pro-
duced by ICM shocks inside simulated clusters. Be-
cause we do not follow self-consistently the transport of
CRp in simulations, we assume the radial distribution
of the CRp density that scales with the gas density as
nCR(r, p) ∝ n¯gas(r)δ with δ = 0.5−1.0. Then, we calcu-
late γ-ray and neutrino emissions from simulated clus-
ters by adopting the approximate formalisms described
in Pfrommer & Enßlin (2004) and Kelner et al. (2006),
respectively.
Main results of our study can be summarized as fol-
lows:
1) Inside simulated clusters, ∼ 30 % of identified shocks
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are Q‖, and ∼ 23 % of the shock kinetic energy flux
at Q‖-shocks is dissipated by supercritical shocks with
Ms ≥ 2.25. As a result, only ∼ 7 % of the kinetic energy
flux of the entire shock population is dissipated by the
supercritical Q‖-shocks that are expected to accelerate
CRp. The fraction of the shock kinetic energy trans-
ferred to CRp is estimated to be ∼ 10−4.
2) CRp are produced mainly by shocks located in the
cluster outskirts and then mixed throughout the cluster
volume. The volume-integrated momentum distribution
of CRp has the power-law slope of αp ∼ 2.4− 2.6, indi-
cating that the average Mach number of CRp-producing
shocks is Ms ∼ 2.8 − 3.3, which is typical for shocks in
the cluster outskirts.
3) The predicted γ-ray emissions from simulated clus-
ters are mostly below the Fermi-LAT upper limits for
observed clusters (Ackermann et al. 2014). Our esti-
mates are lower than those of Vazza et al. (2016) based
on the DSA model of Caprioli & Spitkovsky (2014), be-
cause our DSA efficiency, η, is smaller than their ηCS14
in the range of Ms = 2.25− 5.
4) The predicted neutrino fluxes from nearby clusters are
smaller by . 10−5 than the IceCube flux at Eν = 1 PeV
(Aartsen et al. 2014) and smaller by . 10−7 than the
atmospheric neutrino flux in the range of Eν ≤ 1 TeV
(Richard et al. 2016). Hence, it is unlikely that they
will be observed with ground facilities such as IceCube,
Super-Kamiokande, and future Hyper-Kamiokande.
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